Abstract: Hybrid System-in-Foil exploits the complementary benefits of integrating embedded silicon chips with on-foil passive and active electronic components. In this work, the design, fabrication and characterization of three on-foil components, namely a humidity sensor, near field communication antenna and organic thin-film transistors, are investigated.
Introduction
Currently, most flexible electronic components are either fabricated as standalone components or combined with bulky sensor readout and/or wireless communication silicon chips glued to the surface of a flexible substrate [1] [2] [3] . Other recent designs use only one technology to achieve a true bendable sensor system, e.g., integrated temperature sensor and A/D converter using amorphous Indium-Gallium-Zinc-Oxide (InGZnO) thin-film transistors [4] .
As presented in Figure 1 , Hybrid System-in-Foil (HySiF) targets an economical implementation of ultra-thin sensor systems by integrating minimum number of embedded silicon chips and maximizing the number of on-foil components. Compared to prior art, HySiF combines unique characteristics such as low-power operation provided by the advanced CMOS technology, thin-form factor of the embedded Si chip (20 µm) and foil packaging (thickness ≈ 60 µm), and large area feasibility of the on-foil sensors. Towards the realization of a complete HySiF, the design, fabrication and characterization of three important discrete ultra-thin flexible electronic components are investigated and presented in this paper.
Materials and Methods
The ultra-thin chip embedding follows the Chip-Film Patch (CFP) process [5] , where layers of Benzocyclobutene (BCB) and Polyimide (PI) are used to achieve an extremely bendable package. The CFP package is either used as an interposer foil in a thicker flexible board or as a substrate for on-foil components in a hybrid sensor system [6] . As shown in Figure 2 , a capacitive relative humidity sensor is fabricated on the flexible substrate using a CFP-compatible polymer [7] . Additionally, a 3-µm thick aluminum inductor loop is fabricated together with humidity and temperature insensitive capacitors. Lastly, organic Thin-Film Transistors (TFTs) are fabricated on the BCB/PI substrate, which provides a high degree of surface planarization enabling a better film deposition quality [8] . 
Results and Discussion
In order to test the HySiF components, the humidity sensors are released from the Si carrier wafer and connected to 400-µm and 30-µm thick readout chips. Similarly, the passive LC on-foil components are connected to a Si chip, which implements the near field communication protocols (NF4 chip from the company EM microelectronics). The NFC operation is then verified using a NFC-enabled smart phone. Finally, the organic TFTs are characterized on the flexible substrate. Figure 2 presents the measurement results for the on-foil capacitive relative humidity sensor when connected to the readout chips assembled in a ceramic package. They show similar response in terms of linearity, where the calculated coefficient of determination (R2) equals to 0.9868 and 0.9867 for the 400-µm and 30-µm chips, respectively. The readout circuit comprises a programmable charge amplifier and a 10-bit ADC. The 5 × 5 mm 2 on-foil sensor and reference capacitors (nominal value about 30 pF) are arranged in half-bridge configuration that is excited with two out of phase square wave signals. During the CMOS chip design, expected stress levels inside the CFP package are considered in simulation as statistical variations such as for other process parameters. Table 1 summarizes electrical characterization results of different inductors fabricated on the flexible substrate. Note that as the metal trace density increases, the stress induced on the flexible substrate increases which leads to warpage and difficulties during the foil release from the carrier substrate. That's why it is better to use less number of turns and minimum trace width that satisfy the inductor quality factor requirements. Figure 4a shows the measured inductance of an on-foil loop (25 × 35 mm 2 , 10 turns, trace width and spacing = 100 µm, trace thickness = 3 µm). At different bending radii, the uniaxial tensile strain acting on the loop increases the inductor average diameter, hence the inductance value increases. For NFC communication, this inductance shift needs to be taken into consideration in circuit design. The NF4 chip includes an on-chip resonant capacitor of 14 pF, which is usually not enough to achieve an optimized NFC resonance frequency of 14.5 MHz. That's why, on-foil capacitors were fabricated which have the same structure as the reference capacitors used for the half-bridge in the humidity sensor readout.
In large-area sensor systems, several readout channels are usually implemented and time-multiplexed to achieve an area and power-efficient silicon chip. However, the number of sensors could be extended if an off-chip/on-foil multiplexer is implemented. Figure 5 shows the measured linearity of the on-foil p-type organic TFT analog switch (channel width = 200 µm, channel length from 4 µm to 80 µm, mobility = 1.3 cm 2 /Vs, threshold voltage = −1 V). The switch linearity improves as the channel length increases, thus dictating a lower switching frequency for the readout chain. Figure 5 . (a) Measurement setup to show the linearity of the on-foil p-type organic TFT switches by measuring the total harmonic distortion. Sine-wave signal of frequency 3 kHz and amplitude of Vrms = 100 mV is applied to the source of the p-channel TFT and the drain is monitored using a spectrum analyzer as plotted in (b). 
Conclusions
Towards the realization of a complete Hybrid Systems-in-Foil (HySiF), the design, fabrication and characterization of three important discrete ultra-thin flexible electronic components were investigated. First, the measurement results of an on-foil relative humidity (RH) sensor system showed consistent performance when interfacing with a ultra-thin readout chip (thinned down to ≈ 30 µm), compared to a typical chip prior to packaging (thickness ≈ 400 µm). Secondly, the electrical characterization of a 3-µm thick aluminum inductor loop showed the possibility for fabricating high quality Near Field Communication (NFC) antennas on the foil surface. Thirdly, and lastly, the static and dynamic parameters of on-foil organic Thin-Film Transistors (TFTs) were reported. 
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